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The female hormone 17P-estradiol is involved in the devel-
opment of breast cancer, an effect usually attributed to its
capacity to stimulate the replication of preneoplastic and
malignant cells. In this study, we report that 17p*-estradiol
enhances the onset of genomic rearrangements, a type of
genomic instability, in minisatellite sequences of malignant
10TV2 mouse cells. Two malignant clones, X-ray-9 and F-
17a, previously transformed in vitro by X-rays (600 cGys),
and two non-transformed lOT'A mouse cell subclones
(10TV2b and 10T'/2c) were divided into two groups. The
first group was incubated in the presence of 10 5 M of
17p*-estradiol (dissolved in ethanol) for 5 days, while the
second group was incubated for the same period in culture
media containing 0.1% of ethanol. After the incubation
both groups of cells were then subcloned, and their DNA
was extracted and analyzed with the DNA fingerprinting
assay using the probe M (core sequence: 5'-AGGC). A
high frequency of genomic rearrangements was observed
in the transformed subclones treated with 17p*-estradiol.
Nine deletions or additions in minisatellite alleles were
observed in six F-17a subclones, while 28 of those genomic
rearrangements were found in the 12 X-ray-9 malignant
subclones. On the other hand, for the non-transformed
10T72b and IOTV2C cells, no genomic rearrangements were
induced by the hormone. After the withdrawal of 170-
estradiol from the transformed clone X-ray-9, no new
genomic rearrangements were detected; while a second
incubation with the hormone induced new deletions or
additions in minisatellite alleles. This preferential enhance-
ment of genomic instability in malignant 10T'/2 mouse cells
suggests that 17p*-estradiol may accelerate the accumulation
of mutations, and therefore may represent a mechanism
by which the female hormone contributes to breast cancer
development.
Introduction
It has been hypothesized that the accumulation of several
mutations plays an important role in carcinogenesis. For breast
carcinoma, it has been estimated that nine mutations are
required after birth (1). However, neither the mutation rate
reported for normal human cells nor the increased mitotic
activity in malignant cells can account for this rapid accumula-
tion of mutations (2). Therefore, it has been suggested that
neoplastic cells have acquired the capacity to accelerate the
•Abbreviations: BME, Eagle's basal medium; EDTA, ethylenediamine tetra-
acetic acid; SDS, sodium dodecylsulfate; TE, Tris-EDTA; SSC, standard
saline citrate; s.c, subcutaneous.
accumulation of mutations, a phenotype termed genomic
instability (3,4).
The mechanisms involved in genomic instability are being
intensively investigated; however, very few epigenetic agents
which can enhance its activity have been identified (5,6). The
female hormone 17(3-estradiol is involved in the development
of some tumors, the best known of which is obviously breast
cancer (7). Its carcinogenic effect could be partially related to
its capacity to stimulate the growth of preneoplastic and
malignant cells (8). Although this stimulation can favor tumor
growth, it cannot account for the nine mutations required for
the onset of the first breast carcinoma cell (3). Therefore, the
molecular mechanisms involved in estrogen-induced breast
carcinoma is still an open question.
17P-Estradiol behaves as a co-carcinogen in radiation-
induced cell transformation in vitro. Addition of the hormone
(10"5-10~6 M) to normal 10T'/2 mouse cells just after
exposure to ionizing radiation (400-600 cGys) enhances the
transformation frequency by 2- to 3-fold (9). This enhancement
by estradiol can be completely inhibited by the addition of the
estrogen antagonist tamoxifen (10). The purpose of this study
was to determine the molecular mechanisms involved in
estradiol-induced tumorigenesis. The investigation started with
the determination of the ability of 17P-estradiol to enhance
the onset of genomic rearrangements, a type of genomic
instability, in minisatellite sequences of X-ray-transformed
IOTV2 mouse cells.
Mouse C3H embryo-derived fibroblast 10T'/2 cells were
used in this study because they express the estrogen receptor
(9), their tumor suppressor gene p53 is not mutated (11),
and transformed clones can be generated in vitro (12,13).
Consequently, this cell model helps compare the effect of
estrogen in non-transformed and malignant 10T'/2 cells, and
eventually determines at which step 17p-estradiol could
enhance genomic instability.
Materials and methods
Cells and culture conditions
Mouse C3H embryo-derived fibroblast cells (10T'/2, clone 8) characterized
by Reznikoff et al. (12) were grown in Eagle's basal medium (BME*)
supplemented with 10% heat-inactivated fetal bovine serum (Sigma; lot 4884),
penicillin (50 units/ml) and streptomycin (50 Jig/ml). These cells were
aneuploid with a stable mode of 81 chromosomes. Two transformed clones
stemming from IOTV2 cells exposed to X-rays (600 cGy) were isolated from
type III foci obtained in previous studies, i.e. F-17 and X-ray-9 (13,14). The
human breast cancer cells MCF-7 were obtained from the American Type
Culture Collection and were grown in minimum essential medium supple-
mented with 10% heat-inactivated fetal bovine serum (Sigma; lot 4884),
sodium pyruvate (1 mM), bovine insulin (10 ug/ml), penicillin (50 U/ml) and
streptomycin (50 |ig/ml).
Estrogen receptor assay
The whole cell estrogen receptor assay was performed as previously described
(15), with some modifications. Cells (1 X 106) were plated in a 150 mm Petri
dish and incubated in their respective media containing 10% charcoal dextran-
treated fetal bovine serum until 80-90% confluent. Six hours before the assay,
the medium was removed and the cells were incubated in a phenol red-free
medium. To measure total and non-specific binding, the cells were incubated
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with 10 nM [3H]estradiol in the absence or presence of 2000 nM unlabeled
estradiol in phenol red-free media supplemented with 0.1 % albumin for 30 min
at 37°C. After the incubation, cells were washed three times in phenol red-
free media supplemented with 5% albumin. Cells were then dissolved in 3 ml
of 0.1% Triton X-100 and 0.5 N NaOH for 30 min at 37°C. Two milliliters
of the cell extract were mixed with 10 ml liquid scintillation cocktail (Ready
gel; Beckman) and counted in a LKB Wallac 1214 Rackbeta counter. The
exact number of cells used during the assay was determined in Petri dishes
plated in parallel. The assay was repeated three times for each cell line.
Extraction of genomic DNA
DNA was extracted according to a salting-out procedure described by Miller
et al. (16). Briefly, ~5 X 10 cells were harvested with a rubber policeman,
washed in PBS and centnfuged a second time. The cell pellet was resuspended
in 3 ml of a buffer containing 10 mM Tris-HCl, 400 mM NaCl and 2 mM
ethylenediamine tetra-acetic acid (EDTA). To the cell suspension, 0.1 ml of
sodium dodecylsulfate (SDS; 20%) and 0.5 ml protemase K (10 mg/ml,
DNase free) were added and incubated overnight at 37°C or 50°C for 3 h.
The DNA was precipitated by the addition of 1.2 ml of 5 M NaCl. The tube
was agitated by hand for 1 mm, centrifuged at 2500 r.p.m. for 15 min and
the supernatant transferred to another tube. The DNA was precipitated with
2.5 vol of 95% ethanol, the tube was gently inverted for 30 s, and the DNA
was spooled out and air dried briefly. The DNA was dissolved in Tris—EDTA
(TE) buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and RNase A (0.05 ml
of a 10 mg/ml solution) was added and incubated for 1 h at 37°C. The DNA
was precipitated a second time with ethanol as described above and dissolved
in TE buffer.
DNA fingerprinting analysis
Ten micrograms of each sample of DNA were digested with Hinfl according
to the recommendations of the manufacturer (New England Biolabs, Inc.,
Beverly, MA). Digested DNA was separated in 0.8% agarose gels (25 cm
long). Electrophoresis was performed at 3.3 V/cm for 24 h; the gel was then
soaked in 0.25 M HC1 for 30 min, and then in 0.4 N NaOH for 30 min to
induce chemical cleavage of the DNA. Transfer of DNA onto nylon membrane
Hybond-N+ (Amersham) was performed in 0.4 N NaOH with a vacuum
transfer system (Tyler Research Intruments) for more than 5 h. The membrane
was neutralized in 5 X standard saline citrate (SSC), prehybndized for 3 h at
65°C in 6 X SSC, 5 X Denhardt's, 1% SDS, and hybridied for 16 h at 65°C
in 6 X SSC, 5 X Denhardt's, 1% SDS and 5 X 1CP c.p.miml of 32P-labeled
probe. The membranes were washed three times for 15 min at room temperature
in 1 X SSC/1% SDS, and one to three times at 65°C in 0.1% SSC/0.5% SDS.
The washed filters were exposed to a Kodak XAR-5 film for 1 to 7 days.
The plasmid carrying the multilocus multiallele probe M used for this study
was provided by Dr Brian J.Ledwith (Merck Sharp and Dohme Research
Laboratories, West Point, PA). Synthetically generated, probe M is based on
a minisatellite sequence found in the mouse major histocompatibihty complex
(17), and is a tandem repeat of four nucleotides (52 X 5'-AGGC). This probe
was isolated from the plasmid as previously described (14).
Results
Estrogen receptor level
Determination of the estrogen receptor levels expressed by the
cells used in this study was performed with a whole cell assay.
The non-transformed IOTV2 cells and transformed F-17a and
X-ray-9a clones express estrogen receptor at levels of 1582,
4685 and 2236 receptors per cell, respectively. This determina-
tion is in agreement with data reported by Kennedy and
Weichselbaum (9), and corresponds to malignant breast tumor
classified as estrogen receptor positive (18). Used as control,
the human breast cancer cell line MCF-7, known to express
high levels of estrogen receptor, has a content of 36 700
estrogen receptors per cell. This latter determination for
estrogen receptor levels correlates with the levels previously
reported, i.e. 49 400 receptors per cell for the MCF-7 cells
[adapted from Borras et al. (19)].
Estrogen-induced genomic rearrangements
In order to distinguish the effect of 17P-estradiol on the
enhancement of genomic instability in non-transformed and
X-ray-transformed cells, the onset of new genomic rearrange-
ments was measured in the non-transformed 10TV2 mouse
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Fig. 1. DNA fingerprinting of subclones derived from the non-transformed
10T'/2 cells, subclones b and c. These cells were divided into two groups.
The first group was incubated in the presence of 10"5 M 17p"-estradiol for
5 days, while the second group (control) was incubated for the same period
in culture media containing 0.1% ethanol, the solvent used to solubilize the
hormone. The cells were then subcloned, and genomic rearrangements in
minisatellite sequences were detected using a DNA fingerprinting assay.
Each lane represents a different subclone.
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CONTROL 170-ESTRADIOL TREATED
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Fig. 2. DNA fingerprinting of X-ray-transformed subclone F-17a. The
control and 17p"-estradiol treated subclones were obtained and analyzed
exactly as for the non-transformed lOT1^ cells described in the legend to
Figure I. Each lane represents a different subclone.
cells and in two malignant IOTV2 clones, X-ray-9 and F-17,
previously transformed in vitro by X-rays (600 cGy) (13,14).
To ensure that the genotype in the whole cell population
studied was uniform and that the new genomic rearrangements
were really caused by the hormone, cells of these clones were
subcloned prior to the assay. Two subclones of the non-
transformed 10T'/2 cells were tested, i.e. 10T'/2b and IOTV2C,
while the subclones F-17a were isolated from the transformed
clone F-17. The cell population in the transformed clone X-
ray-9 was already known to be homogeneous. Consequently,
the X-ray transformed clone X-ray-9 was directly incubated
with the hormone.
These X-ray-transformed and non-transformed subclones
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Fig. 3. DNA fingerprinting of X-ray-transformed subclones derived from
X-ray-9. The control and 17|}-estradiol treated subclones were obtained and
analyzed exactly as for the non-transformed IOTV2 cells described in the
legend to Figure 1. Each lane represents a different subclone.
X-RAY TRANSFORMED X-RAY-H CLONE
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Fig. 4. DNA fingerprinting of X-ray-transformed subclone X-ray-9a. After
the withdrawal of 17(}-estradiol, the subclone X-ray-9a was randomly
isolated and divided into two groups. The first group was incubated in the
presence of 10~5 M 17[}-estradiol for 5 days, while the second group
(control) was incubated for the same period in culture media containing
0.1% ethanol, the solvent used to solubilize the hormone. The cells were
then subcloned and genomic rearrangements in minisatellite sequences were
detected using a DNA fingerprinting assay. Each lane represents a different
subclone.
were divided into two groups. The first group was incubated
in the presence of 10~5 M of 17[}-estradiol (dissolved in
ethanol) for 5 days, using the same tissue culture conditions
previously reported for the enhancement of the transformation
frequency of the 10T'/2 cells exposed to X-rays and to the
hormone (9,10). The second group was incubated for the same
period in culture media containing 0.1% ethanol. These cells
were then subcloned and genomic rearrangements in mini-
satellite sequences were detected with probe M (core sequence.
5'-AGGC) using a DNA fingerprinting assay (14). On a single
electrophoresis analysis, this DNA probe can detect a family
of 20-40 minisatellite sequences dispersed throughout the
genome. Some of these minisatellite sequences are considered
to be hot spots for genomic rearrangements such as deletions,
translocations and inversions. Only a complete deletion or a
new band was scored as genomic rearrangement and each
DNA fingerprinting analysis was repeated twice.
For the non-transformed lOT'^b subclones, no genomic
rearrangements were observed either in the control cells
(incubated with ethanol only) or in the subclones treated
with the hormone (Figure 1). This result shows that these
minisatellite sequences are stable in non-transformed lOT'^b
cells and are not destabilized by estradiol. For the non-
transformed 10T'/2c subclone, one genomic rearrangement
(new band) was observed in both control and hormone treated
subclones. This indicates that although a low level of genomic
instability exists in this non-transformed subclone, 17(}-estra-
diol did not enhance the onset of new genomic rearrangement.
For the X-ray-transformed cells F-17a and X-ray-9 incubated
with ethanol only (0.1%), no genomic rearrangement was
detected with our DNA fingerprinting assay. On the other
hand, an incubation for 5 days with 17|i-estradiol had induced
an important number of genomic rearrangements in malignant
clones. For the malignant clone F-17a, at least one genomic
rearrangement had occurred in all the subclones analyzed, for
a total of nine additions or deletions (Figure 2). The same
trend was observed for the malignant clone X-ray-9. Indeed,
no genomic rearrangement was observed in the subclones
incubated with ethanol only, while the 12 subclones treated
with the hormone showed a rearranged genome, for a total of
28 additions and deletions (Figure 3).
To determine if the enhancement of onset of genomic
Table I. Genomic
Clones
rearrangements induced by 17p-estradiol
Genomic
Deletion
rearrangements'
Addition Total
Fraction of subclone containing a
genomic rearrangement
Non-transformed clones
lOT'^b, control
10T'/2b, 17p"-estradiol treated
IOT'/JC, control
IOTV2C, I7p^-estradiol treated
X-ray-transformed clones
F-17a, control
F-17a, npVestradiol treated
X-ray-9, control
X-ray-9, l7P-estradiol treated
X-ray-9a, control5
X-ray-9a, 17(J-estradiol treated6
0
0
0
0
0
I
0
21
0
4
0
0
1
1
0
8
0
7
0
4
0
0
1
1
0
9
0
28
0
8
0/4 = 0.00
0/5 = 0.00
1/4 = 0.25
1/5 = 0.20
0/5 = 0.00
6/6 = 1.00
0/8 = 0.00
12/12 = 1.00
0/5 = 0.00
5/15 = 0.33
"Genomic rearrangements, either additions or deletions, detected in all subclones isolated from the respective parent clone.
bX-ray-9a subclone was isolated from X-ray-9 clone after an incubation with 17pVestradiol (10~3 M) for 5 days, and then incubated for a second time with
the hormone or with 0.1% ethanol (control).
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rearrangements could be reactivated by 17P-estradiol in the
transformed cells, a subclone of the X-ray-9 clone (X-ray-9a)
previously incubated with the hormone was randomly isolated.
The X-ray-9a subclone was incubated a second time either
with the hormone or with ethanol (0.1%) and analyzed as
mentioned previously. In Figure 4, we could observe that no
new genomic rearrangement had appeared in the control
subclones. This result indicates that the enhancement of
genomic instability by 17p-estradiol did not persist after the
withdrawal of the hormone. In the subclones treated with the
hormone, new genomic rearrangements occurred, albeit at a
lower frequency than during the first incubation with the
hormone. Indeed, eight additions or deletions were observed
in five of the 15 subclones tested, compared with 28 genomic
rearrangements distributed in the 12 subclones of X-ray-9 after
the first incubation with the hormone.
Discussion
The carcinogenesis process requires a large number of
mutations on oncogenes and suppressor genes. The predicted
mutation frequencies strongly indicate that the clonal evolution
of tumors cannot occur from simple repetition of cycles of
mutation, selection and outgrowth. This paradox may be
explained by the expression of genomic instability early in the
process of carcinogenesis (3). Thus, according to this model,
the first mutations would increase the mutation frequency and
then accelerate the accumulation of mutations. The aim of this
study was to determine if the female hormone 17P-estradiol,
known to be involved in some cancers, could act as an
epigenetic factor capable of enhancing the expression of
genomic instability in malignant cells.
Our results demonstrate that 17P-estradiol highly enhances
the onset of genomic rearrangement, a type of genomic
instability, in malignant clones of mouse IOTV2 cells, while
the genome of non-transformed cells was not modified by the
hormone. Some minisatellite alleles seem to be preferentially
modified by this hormone-enhanced genomic instability. For
example, the first band on the top of the DNA fingerprinting
of the malignant clone X-ray-9 was deleted in seven of the 12
subclones studied. In previous studies, we also observed a
similar high frequency of genomic rearrangement in some
alleles of minisatellite sequences (5,14). These data reinforce
our suggestion (14) that some minisatellite sequences are hot
spots of genomic rearrangement.
The studies on the transformed clone X-ray-9 and its
subclone X-ray-9a demonstrate that the enhancement of gen-
omic instability by 17P-estradiol did not persist after the
withdrawal of the hormone. Indeed, while the hormone induced
genomic rearrangements in the subclone X-ray-9 during the
first incubation with the hormone, the subsequent cell divisions
in the absence of the hormone did not result in the appearance
of new genomic rearrangements in the subclone isolated from
X-ray-9a. But a second incubation of X-ray-9a with 17P-
estradiol resulted in new addition and deletion of minisatellite
sequences. This indicates that the presence of 17P-estradiol is
essential to maintain the enhancement of genomic instability.
17p-Estradiol is an essential biological component that
influences growth, differentiation and functioning of many
target tissues. Therefore, its involvement in the enhancement
of genomic instability may appear in some way surprising.
However, the carcinogenic effect of 17P-estradiol is well
known, and has been demonstrated in vitro as well as in vivo.
The frequency of cell transformation induced by ionizing
radiation in 10T'/2 mouse cells is increased by 2- to 3-fold
following an incubation at a concentration of 1O~5-1CT6 M
(9,10). Estrogen-induced tumors in the hamster kidney and
liver have been intensively studied. In this model, it has been
suggested that the carcinogenic action of estrogen involves
estrogen metabolites, specifically the reactive estrogen semi-
quinone and quinone metabolites generated via catechol forma-
tion, which could bind to DNA (20). A study of post-
menopausal women showed that the risk of breast cancer
increased among those women who were using estrogen alone
(relative risk, 1.32) (21). Although some mechanisms have
been proposed, our data suggest that 17P-estradiol may be
involved in the carcinogenesis process of some tumors by
enhancing the genomic instability which would accelerate the
accumulation of mutations.
Different mechanisms could be involved in this process.
Nawaz and co-workers reported that an active estrogen-
responsive element can be created by a single base change in
the flanking sequence of the cellular oncogene c-fos (22). In
Fisher rat embryo fibroblast subjected to temporary anoxia,
genomic instability in the form of highly elevated CAD gene
amplification rates was observed. This latter genomic instability
parallels the expression of an endonuclease (6). Initial
mutations induced by ionizing radiation in our transformed
clones could have created these types of modifications. Accord-
ing to this hypothesis, mutations would be activated in the
presence of the estrogen which would result either in the
dysfunction of cellular oncogenes or suppressor genes, or in
the stimulation of endonucleases capable of inducing genomic
rearrangements. The involvement of such endonucleases might
explain the preferential genomic rearrangements observed in
some alleles of minisatellite sequences. Studies are currently
being performed in this laboratory to verify this hypothesis.
In conclusion, the results presented in this study show that
17P-estradiol can enhance genomic instability in malignant
mouse cells. This phenomenon may accelerate the accumula-
tion of mutations and therefore may be one mechanism by
which female hormone accelerates breast cancer development.
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